Measurement of the production cross section of prompt J/ψ mesons in association with a W ± boson in pp collisions at √ s = 7 TeV with the ATLAS detector
Introduction
Study of the production of a W boson in association with a prompt J/ψ meson offers new tests of Quantum Chromodynamics (QCD) at the perturbative/non-perturbative boundary as well as developing the framework for future probes of the Higgs sector and beyond-the-standard-model searches in such final states.
Perturbative calculations of heavy quarkonium production in hadronic collisions distinguish between terms that produce a heavy quark system (QQ) in a colour-singlet (CS) or a colour-octet (CO) state. The relative importance of these terms for inclusive J/ψ production is a subject of debate [1] [2] [3] [4] [5] [6] [7] . In the case of prompt J/ψ production in association with a W ± boson, the relative contributions of CS and CO processes differ from the inclusive process. Some theoretical studies [8, 9] suggest W ± + prompt J/ψ production should be dominated by colour-octet processes, and thus be a distinctive test of the non-relativistic QCD (NRQCD) framework [10, 11] . In contrast, recent work [12] suggests that in 7 TeV pp collisions, CO and CS (in particular, electromagnetic W ± γ * →W ± J/ψ) contributions to the W ± + prompt J/ψ cross section are comparable. Measurements of the production cross sections can help distinguish between these models. A search for the related processes W ± +ϒ(1S) and Z + ϒ(1S) performed by the CDF experiment saw no excess of events above the expected background and set upper limits on the production rate [13] .
Observation and measurement of W ± + prompt J/ψ production for the first time represents a step in our understanding toward measurements of the Higgs boson in rare quarkonia and associated vector boson decay modes, first proposed in Ref. [14] . Recent phenomenological studies [15] have emphasised the value of these rare decay modes to provide a unique probe of the Higgs boson charm couplings. Such final states can also be sensitive probes of beyond-the-standard-model around the muon direction. The energy deposit of the muon is not included in the calorimetric isolation and only tracks (excluding the muon itself) compatible with originating at the primary vertex and with p T > 1 GeV are considered for the track isolation. A correction depending on the number of reconstructed vertices is made to the calorimetric isolation to account for energy deposits originating from additional proton-proton collisions that occur in the same bunch crossing. For the muon to be considered isolated, the two isolation variables must both be less than 5% of the muon p T . This tight selection discriminates against the multi-jet background.
In order to select events with a W ± boson, E miss T must exceed 20 GeV, and the W ± boson transverse mass m T (W ) must exceed 40 GeV. The W ± boson transverse mass is defined as
where φ µ and φ ν µ represent the azimuthal angles of the muon from the W ± boson decay and the missing transverse momentum vector, respectively. If the invariant mass of the W ± muon candidate and the J/ψ candidate's oppositely charged muon is within 10 GeV of the Z boson mass, the event is vetoed. After the full selection, 149 events remain, 78 with |y J/ψ | ≤ 1 and 71 with 1 < |y J/ψ | < 2.1.
Prompt J/ψ candidates are distinguished from those originating from b-hadron decays through the separation of the primary vertex and the J/ψ decay vertex. The pseudo-proper time
is used, where L is the separation vector from the primary vertex to the J/ψ decay vertex and m µ + µ − is the invariant mass of the J/ψ candidate. Prompt J/ψ decays have a pseudo-proper time consistent with zero within resolution. Non-prompt J/ψ decay vertices are displaced from the primary vertex and have positive pseudo-proper time on average apart from resolution effects.
Signal extraction
The two-dimensional J/ψ candidate mass and pseudo-proper time scatter distribution is shown in figure 1 . These data are fit as follows: first, the two-dimensional fit described below is applied to separate the prompt J/ψ component from the non-prompt J/ψ component and combinatorial background. This is followed by a fit to the W boson transverse mass m T (W ) to determine the contributions of W ± and multi-jet background produced in association with a prompt J/ψ. An unbinned maximum likelihood fit in J/ψ candidate invariant mass and pseudo-proper time is used to obtain yields for prompt J/ψ, non-prompt J/ψ, and prompt/non-prompt combinatoric backgrounds. In the dimuon mass variable, the probability density functions are a Gaussian distribution for the J/ψ signal and exponential functions for the combinatorial backgrounds. For the pseudo-proper time distribution, the prompt J/ψ and prompt combinatoric background components are modelled by the sum of a delta-function distribution and a double-sided exponential function convolved with a Gaussian resolution function, while the non-prompt J/ψ and non-prompt combinatorial background components are modelled by an exponential function (truncated to zero for τ < 0) convolved with a Gaussian resolution function. The parameters that set the shapes of the fit functions, such as the mass and pseudo-proper time resolution, are considered nuisance parameters and are constrained as described below. The functional forms of the probability density functions are:
In the above, G(x; µ, σ ) is a Gaussian function of x with mean µ and width σ ; δ is the Dirac delta function; θ is the step function; a, b, and the k i and τ i are shape parameters, while the C i are appropriate normalization constants. The combined probability density function used for the fit is:
To account for the differences in resolution between the central and endcap detector regions, the fit is performed separately in two regions in J/ψ rapidity, |y J/ψ | ≤ 1 and 1 < |y J/ψ | < 2.1. The fit is initially made on a large inclusive sample of J/ψ events, selected with the same procedure as the J/ψ candidates in this analysis, and the results are used to constrain the nuisance parameters µ, σ , a, b, k i and τ i . The central values and uncertainties on the nuisance parameters from the inclusive fits are translated into Gaussian constraints on the parameters during the fit to the W ± + J/ψ candidates. The values of the nuisance parameters estimated from the W ± + prompt J/ψ fits agree well with those determined in the inclusive J/ψ sample, and the resulting uncertainties are similar to the uncertainty represented by the constraints. Figure 2(a) shows the mass fit in the full rapidity region (|y J/ψ | < 2.1), whereas in figure 2(b) the pseudo-proper time fit in the J/ψ mass peak region (3.0 < m(µ + µ − ) < 3.2 GeV) is shown. Each projection shows the sum of two fits, performed separately in two regions in J/ψ rapidity: |y J/ψ | ≤ 1 and 1 < |y J/ψ | < 2.1. The maximum likelihood fit permits the use of the sPlot procedure [29] to assign weights to each event for each component of the total probability density function (prompt J/ψ, non-prompt J/ψ, prompt combinatoric background, non-prompt combinatoric background). These weights can be used to determine the spectra of variables in the prompt J/ψ signal, removing the contribution from the other sources. The procedure functions as a background subtraction technique that takes advantage of the full information available from the fit, and is used to obtain various kinematic distributions.
Backgrounds
A number of possible background contributions to W ± + prompt J/ψ production are considered. Production of W ± bosons in association with b quarks, with subsequent b-hadron decay to J/ψ and other particles, produces the desired signature, except that the J/ψ mesons will not be prompt. The fit will categorize these events into the non-prompt J/ψ background category and the effect on the prompt signal yield is estimated to be negligible. From simulated tt events the prompt yield in our dataset is predicted to be less than 0.28 events at 95% credibility level. The ratio of W ± +b to W ± production from ATLAS measurements [30, 31] is found to be consistent (albeit with large uncertainties) with the ratio of W ± + non-prompt J/ψ to W ± production in this analysis, when the differing phase spaces of the analyses are considered.
Decays of B c → J/ψ µ ± ν µ X produce a J/ψ and an additional muon. As the B c lifetime is shorter than that of other weakly-decaying B hadrons, these J/ψ may be mistakenly taken as prompt candidates. No candidate events are found to have a three-muon invariant mass below 12 GeV, which is far above the B c mass of 6.277 GeV [28] , hence this background is negligible.
The production of Z bosons, followed by the decay Z → µ + µ − , can produce the signal signature if an additional muon candidate and E miss T due to jet mismeasurements or neutrinos are found. This background is eliminated by vetoing events where a pairing of oppositely charged muons has an invariant mass within 10 GeV of the Z boson mass.
Multi-jet production, especially of heavy-quark jets, can produce candidates with multiple reconstructed muons and E miss T due to either neutrinos or mismeasurement of the jet energy. This contribution is separated from the real W ± + J/ψ component of the observed events using the W ± boson transverse mass m T (W ) as a discriminating variable. The m T (W ) distribution of events weighted by signal (prompt J/ψ) sPlot weight is fit to a sum of a multi-jet template and a W ± boson signal template (the templates are shown in figure 3(a) ). The multi-jet background shape in m T (W ) is estimated using the distribution in events with non-isolated muons, which are dominated by multi-jet production. The W ± template is obtained from Monte Carlo simulation. Events were produced by the ALPGEN event generator [32], interfaced to HERWIG [33] for parton showers and hadronization, and JIMMY [34] for simulation of the underlying event. The detector response is modelled using the GEANT4-based ATLAS full simulation framework [35, 36] .
The total yield for prompt J/ψ production, shown in Table 1 , is 29.2 +7.5 −6.5 events. The result of the χ 2 fit is shown in figure 3 (b). The estimate from the m T (W ) fit is that there are 0.1 ± 4.6 multijet events in the sample, providing strong support for the hypothesis that the sample is dominated by W ± + prompt J/ψ events. The number of multi-jet events is smaller than 0.31 at 95% credibility level.
The probability that a W ± candidate and a J/ψ candidate are produced in different protonproton collisions that occur in the same bunch crossing ("pileup") is estimated as follows. Given the beam conditions of the dataset, the mean number of extra collisions within 10 mm of the primary vertex is calculated to be N extra = 0.81 ± 0.08; this value is computed from the mean number of collisions per proton-proton bunch crossing µ and the geometric parameters of the interaction region. Here µ is defined as µ = L σ inel /n b f r , with L being the luminosity, n b the number of colliding bunch pairs, f r the accelerator revolution frequency, and σ inel the pp inelastic cross section, assumed to be equal to 71.5 mb [37] . For a (|y J/ψ |, p J/ψ T )-bin, the probability for a J/ψ to be produced in a pp collision in that kinematic bin is determined as
dy dp T dy dp T using the double-differential J/ψ production cross sections as measured [23] at √ s = 7 TeV. Since L is determined independently from σ inel using van der Meer scan calibration [25], σ inel is a proportionality factor between µ and L , and therefore N extra ∝ σ inel . As a result the dependence on σ inel cancels in the overlap probability N extra P J/ψ . Multiplying the overlap probability by the number of W ± candidates in the fiducial region, N pileup = N extra P J/ψ L σ W ± , yields an estimated total of 1.8 ± 0.2 for such pileup overlap events in the sample. This background is subtracted when the cross-section ratios are calculated.
Double parton scattering
It is possible for the W ± and J/ψ to originate from two different parton interactions in the same proton-proton collision, in a double parton scattering process. The standard ansatz [18] is adopted that, for a collision in which a hard process (here W ± production) occurs, the probability of an additional (distinguishable) process (here prompt J/ψ production) is parameterized as
The effective area parameter σ eff accounts for the geometric size of the proton and transverse parton correlations, and is assumed to be independent of the scattering process. It is taken to be 15 ± 3 (stat.) +5 −3 (syst.) mb as measured using W ± → ℓν ℓ + 2−jet events [38] . The two interactions are treated as independent and uncorrelated. This procedure relies upon an assumption of factorization between the longitudinal and transverse components of the double parton distribution functions [22, [39] [40] [41] . Recent studies [42] highlight that this assumption must fail at some level, but the current data is not sufficiently precise to allow for investigation of such effects. Studies of process and scale dependence [43] of σ eff indicate that the uncertainty on the value used here covers variation due to these effects. The prompt J/ψ cross section from the ATLAS measurement [23] is used, as in the pileup estimation, corrected to the fiducial phase space of this measurement, and accounting for spin-alignment uncertainties that result from the correction. The total number of DPS events in the signal yield is estimated to be 10.8 ± 4.2 events.
A uniform distribution in the azimuthal angle between the W ± and J/ψ momenta is expected from DPS, under the assumption that the two interactions are independent. The flat DPS template is verified using PYTHIA8 [44] Monte Carlo simulation. Simulations in both the colour-singlet and colour-octet models predict a distribution strongly peaked near ∆φ = π for the SPS contribution (with the exact shape dependent on kinematics and the relative size of the underlying contributions). The sPlot-weighted distribution of this variable for the data has a peak near π and a tail extending towards zero, as shown in figure 4 . This suggests that the observed W ± + prompt J/ψ candidates include both SPS and DPS events. However, this distribution is not used to separate SPS and DPS events. Overlaid on figure 4 is an estimate of the DPS rate using the previously described ansatz. The determined rate is compatible with the size of the flat component of the observed ∆φ distribution. Table 1 shows the yields resulting from the two-dimensional fit in each of the two detector regions, barrel (|y J/ψ | ≤ 1.0) and endcap (1 < |y J/ψ | < 2.1), including the statistical uncertainty from the fit for the prompt J/ψ, non-prompt J/ψ, and combinatoric background components. The signal significance is calculated using pseudo-experiments in which events conforming with the background-only hypothesis are generated and then fit with the background-only hypothesis and the signal+background hypothesis to extract the likelihood ratio of the two hypotheses. The p-value shown in the Table is the probability for background-only pseudo-experiments to yield a likelihood ratio value larger than the value obtained in data. The combination of the two y J/ψ regions rejects the background-only hypothesis at 5.1σ .
Results
To determine the ratio of the W ± + prompt J/ψ cross section to the W ± cross section, the number of inclusive W ± events is determined from data. A sample of W ± candidates is formed by selecting all events that satisfy the W ± part of the W ± + prompt J/ψ requirements. The 
is defined, where N ec (W ± + J/ψ) is the yield of W ± + prompt J/ψ events after correction for the J/ψ muon reconstruction efficiencies, N(W ± ) is the background-subtracted yield of inclusive W ± events, ∆y = 4.2 is the size of the fiducial region in y J/ψ , and R fid pileup is the expected pileup background contribution in the fiducial J/ψ acceptance. For R fid J/ψ , corrections are not applied for the incomplete acceptance for J/ψ decay muons, nor for the W ± acceptance. Also, it is noted that only the cross section for 8.5 < p J/ψ T < 30 GeV is considered. The statistical uncertainties associated with the fit are calculated by fixing the nuisance parameters and performing the fit again. When the nuisance parameters are allowed to float within the Gaussian constraint, the total uncertainty on each yield is the quadratic sum of the statistical and systematic uncertainties.
The J/ψ transverse momentum distribution may be different in inclusive J/ψ events and W ± + prompt J/ψ events. Since the fit nuisance parameters from the inclusive fit are used during the W ± + prompt J/ψ fit, as described in section 4, this can affect the extracted yields, due to the different J/ψ p T spectrum of the inclusive J/ψ and W ± + J/ψ processes. This is estimated to have an effect of < 1% on the prompt J/ψ yields extracted by the fit, by performing the fits with unconstrained nuisance parameters in different J/ψ p T ranges and comparing the yields with those from the constrained fits in the nominal J/ψ p T range. Changing the functional forms of the fit, for example by changing the single Gaussian to a double Gaussian for the signal, or the exponential function to a polynomial function for the background, results in changes in the yields of up to 4%, which is taken as a systematic uncertainty.
The efficiency and acceptance of the W ± boson are assumed to be the same for inclusive W ± events and W ± + J/ψ events when calculating the ratio. The uncertainty due to this assumption is estimated by reweighting the W ± transverse momentum spectrum in the simulated inclusive sample to match the observed spectrum from W ± + J/ψ events and noting the change in efficiency, which is (2-5)%. The low-p T muon efficiencies are determined from data and cross-checked with efficiencies measured from J/ψ simulation using PYTHIA8 [44] , with the difference interpreted as a systematic uncertainty of (3-5)%, while the uncertainty due to the muon momentum scale is found to be negligible.
In addition to reporting R fid J/ψ , results are presented after being corrected for the fiducial acceptance of the muons from the J/ψ decay, but maintaining the J/ψ p T (8.5 -30 GeV) and rapidity (-2.1 -2.1) range:
where N ec+ac (W ± +J/ψ) is the yield of W ± +prompt J/ψ events after J/ψ acceptance corrections and efficiency corrections for both J/ψ decay muons, R pileup is the expected pileup contribution in the full J/ψ decay phase space, and other variables are as for R fid J/ψ . The J/ψ spin-alignment, which determines the angular distribution of the muons from the J/ψ decay and thus modifies the acceptance for the J/ψ to be detected within the fiducial volume, is not known and is dependent on the underlying production mechanism. Five extreme scenarios that bound the possible variation are considered for the acceptance and the difference is assigned as a systematic uncertainty. These scenarios (isotropic, longitudinal, transverse+, transverse− and transverse0) depend on the J/ψ spin-alignment angles, the angle between the direction of the positive muon momentum in the J/ψ decay frame and the J/ψ line of flight, and the angle between the J/ψ production plane and the decay plane formed by the direction of the J/ψ and the positive muon [23] . Table 2 summarizes the main sources of uncertainties for this analysis. Other uncertainties related to the E miss T scale, luminosity, and the W ± decay muon cancel in the ratio.
Source
Barrel Endcap J/ψ muon efficiency The isotropic spin-alignment scenario is assumed for the central result, and the variations of the result with the different spin-alignment scenarios are also reported in HEPDATA [48] . The DPS contribution to R incl J/ψ is estimated to be (48 ± 19) × 10 −8 . Subtracting the DPS contribution from R incl J/ψ gives an estimate R DPS sub J/ψ of the single parton scattering rate, which can be directly compared with leading-order (LO) colour-singlet pQCD predictions [12] and next-to-leading-order (NLO) colour-octet predictions [9] . The values of the three measured ratios are shown in figure 5 and are:
where the first uncertainty is statistical, the second is systematic and the third (where applicable) is the uncertainty due to spin-alignment. The systematic uncertainty on the DPS-subtracted ratio includes the uncertainty on the estimated DPS contribution, which itself includes a separate spinalignment uncertainty.
Comparisons with theoretical expectations
For comparison of the DPS-subtracted ratio to theory, the LO colour-singlet and NLO colour-octet predictions for W ± + prompt J/ψ [9] are normalized to NNLO calculations of the W ± production cross section (5.08 nb), derived from FEWZ 3.1.B2 [46, 47] . The expected SPS cross-section ratio R DPS sub J/ψ from normalized next-to-leading-order colour-octet calculations is (4.6-6.2) × 10 −8 , with the range corresponding to different scales as explained below. These predictions assume that pure CO contributions dominate this process, and hence do not include any colour-singlet diagrams. The renormalization (µ R ) and factorization (µ F ) scales are set to the W ± boson mass, µ R = µ F = m W , and the NRQCD scale (µ Λ ) is taken to be µ Λ = m charm = 1.5 GeV. Two sets of colour-octet longdistance matrix elements are used as input parameters to the theory, obtained from two different parameter fits to experimental data [49, 50] , and the variation between the results obtained is assigned as a systematic uncertainty.
The CS model described in [12] includes contributions from sg → J/ψ + c + W and′ → γ * W → J/ψW , and accounts for indirect production in the W ± + prompt J/ψ rate through decays of excited charmonium states of both W ± + direct ψ(2S) and W ± + direct χ cJ production. The normalized leading-order colour-singlet model predicts the SPS ratio to be (10-32) × 10 −8 for the phase space region considered in this paper, with the range corresponding to different scales as explained below. The uncertainties on the colour-singlet prediction arise from varying the charm quark mass in the range m charm = (1.5 ± 0.1) GeV and independently varying the factorization and renormalization scales between 0.75 × µ R,F and 2 × µ R,F of their central value µ R = µ F = m W .
The leading-order CS contributions are nearly an order of magnitude larger than the next-toleading-order CO contributions, with the CS prediction being consistent with the measured DPSsubtracted rate within the current experimental and theoretical uncertainties. This emphasizes that far from being a distinctive signature of CO production, this process appears to be dominated by CS production. This shortfall in the CO production prediction might be explained by the presence of large higher-order contributions [49, 50] or a possible breakdown of NRQCD universality [5] . Figure 4 supports the hypothesis of DPS factorization (within current experimental uncertainties), but possible modifications to this formalism may also modify the DPS-subtracted rate. Nonetheless, large uncertainties on the result imply that current predictions for SPS production are compatible with the measurement at the 2σ level. Figure 6 shows the distribution of the differential cross-section ratio dR incl J/ψ /dp T as a function of p J/ψ T , with an estimate of the differential DPS contribution. The data suggest that SPS is the dominant contribution to the total rate at low J/ψ transverse momenta. The results are also shown in Table 3 .
Inclusive (SPS+DPS) ratio dR incl J/ψ /dp T (×10 Table 3 . The inclusive (SPS+DPS) cross-section ratio dR incl J/ψ /dp T as a function of J/ψ transverse momentum, along with the estimate of the DPS contribution. T dy dp Figure 6 . The inclusive (SPS+DPS) cross-section ratio dR incl J/ψ /dp T is shown as a function of J/ψ transverse momentum. The shaded uncertainty corresponds to the variations due to the various spin-alignment scenarios. The DPS estimate is overlaid, with the uncertainty again shown by a shaded region.
Conclusions
In summary, the ATLAS Collaboration has observed W ± + prompt J/ψ production at 5.1σ significance in 4.5 fb −1 of √ s = 7 TeV pp collisions at the LHC. Additionally, the fiducial cross-section ratio of W ± + prompt J/ψ production relative to inclusive W ± boson production in the same phase space is measured to be R fid J/ψ = (51 ± 13 ± 4) × 10 −8 , where the first uncertainty is statistical, and the second systematic. The acceptance-corrected observed ratio is R incl J/ψ = (126±32±9 +41 −25 )×10 −8 where the central value is for the isotropic spin-alignment scenario, and the third uncertainty represents possible variation due to the unknown spin-alignment. The contribution to the total W ± + prompt J/ψ rate arising from single parton scattering (double parton scattering subtracted data) is estimated to be R DPS sub J/ψ = (78 ± 32 ± 22 +41 −25 ) × 10 −8 , assuming that for DPS the W ± and prompt J/ψ production factorize completely. The distribution of the azimuthal angle between the produced W ± and J/ψ suggests the presence of both SPS and DPS contributions, and that the DPS estimate accounts for a large fraction of the observed signal. Comparing the two predictions, the colour singlet mechanism is expected to be the dominant contribution to the cross section.
Analysis of additional data will likely prove valuable in distinguishing the contributions of colour-singlet and color-octet predictions to SPS, and to determine the relative rates of SPS and DPS production. This final state may prove to be a compelling observable for study of double parton scattering dynamics, as well as for the study of Higgs boson charm couplings and for ongoing BSM physics search programmes.
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